ABSTRACT This study was to investigate the effect of resveratrol on intestinal morphology, microfloras, and barrier integrity of broilers subjected to heat stress. Two-hundred-seventy 21-day-old Cobb male broilers were randomly allocated to 3 treatment groups, each of which included 6 replicates with 15 birds per replicate. The 3 treatment groups were as follows: the control group, in which birds were exposed to thermoneutral condition (22 ± 1
INTRODUCTION
Due to feathers and lack of sweat glands on skin, chickens are particularly susceptible to high environmental temperatures. Moreover, to some extent, the intensively genetic selection for faster growth rate in modern broilers also leads to the reduction in heat tolerance due to the higher metabolism (Varasteh et al., 2015) . Therefore, heat stress is considered as the most significant problem in poultry production worldwide, resulting in huge economic losses.
The intestinal mucosal barrier is a selective permeable membrane that not only plays key roles in nutrient digestion and absorption but also serves as the innate defense barrier fending off pathogens, antigens, and other noxious substances within the intestinal luminal environment (Turner, 2009) . Therefore, the in-tegrity of the intestinal mucosal barrier is critical to animal health. The intestinal mucosal barrier is formed by a single layer of tightly epithelial cells joined together by tight junctions (TJ), adherence junctions (AJ), and desmosomes (Turner, 2009; Shen et al., 2011) . Among these, AJ and TJ are the pivotal components of the intestinal microarchitecture and regulate intestinal homeostasis, paracellular permeability, and barrier function (Ulluwishewa et al., 2011; Quiros and Nusrat, 2014; Yang et al., 2016) . Therefore, disturbances in formation of TJ and AJ are detrimental to intestinal barrier function. Studies have shown that heat stress induced intestinal barrier dysfunction of broilers (Quinteiro-Filho et al., 2010) , while the adverse effects were partially ameliorated by dietary addition of some feed additives, for example, galacto-oligosaccharides (Varasteh et al., 2015) , probiotic mixture (Song et al., 2014) , and cello-oligosaccharide (Song et al., 2013) . However, little data are available regarding the mechanisms, despite the changes of TJ and AJ protein expressions, and intestinal microbial profiles that might be involved (AlFataftah and Abdelqader, 2014; Song et al., 2014; He et al., 2016) . 4325
Resveratrol, a natural bioactive polyphenol, has been reported to exert many different biological effects, including antioxidant, anti-inflammatory, anti-obesity, and aging-delay effects (Zhang et al., 2015a; Zhang et al., 2015b; Zhang et al., 2017) . Moreover, Larrosa et al. (2009) reported that counts of Lactobacillus and Bifidobacterium in feces of dextran sulfate sodiuminduced colitis rats were increased by resveratrol at 1 mg/kg BW/d, while counts of Escherichia coli were decreased. In addition, Etxeberria et al. (2015) reported that resveratrol at 15 mg/kg BW/d could regulate the relative mRNA expression levels of TJ in the colon of high-fat sucrose diet-fed rats. Recently, special attention has been focused on the effect of resveratrol as functional feed additive to influence performance, intestinal morphology, antioxidant capacity, and the expression levels of nuclear factor kappa B, epidermal growth factor, and heat shock protein 70/90 of heat-stressed broilers Liu et al., 2016a) . However, until now, there is extremely limited information on the effect of resveratrol on ameliorating heat stress-induced intestinal barrier dysfunction and microflora imbalance in broilers. Thus, the current study was to investigate the possible protection effect of resveratrol against heat stress-induced impairments on intestinal morphology, permeability, microfloras, and the mRNA expression levels of TJ-and AJrelated genes of broilers.
MATERIALS AND METHODS

Birds, Diets, and Experimental Design
The handling protocol of animals in the study was approved by the Anhui Agricultural University Animal Care and Use Committee, Hefei, P. R. China. Twohundred-seventy 21-day-old male Cobb broilers were randomly allocated to 3 treatment groups, each of which included 6 replicates with 15 birds per replicate. The 3 treatment groups were as follows: the control group, in which birds were fed a basal diet and maintained at 22 ± 1
• C during the whole experiment period; the heat stress group (HS group), in which birds were fed a basal diet and subjected to cyclic heat stress by exposing them to 33 ± 1
• C from 0800 to 1800 h and 22 ± 1
• C for the remaining time; the heat stress + resveratrol group (HS + Res group), in which birds were fed the basal diet supplemented with 400 mg/kg resveratrol and subjected to cyclic heat stress as the heat stress group. The level of resveratrol added into the basal diet was conducted as previously described by Liu et al. (2014) . The henhouse light time is 23 h per day. The relative humidity in both temperature treatments was about 70%. The treatment lasted for 21 consecutive days. An antibiotic-free and coccidiostatfree corn-soybean meal-based diet was formulated to meet or exceed the nutrient requirements for broilers as recommended by National Research Council (1994). Ingredients and nutrient compositions of the basal diet are presented in Table 1 . Birds had ad libitum access to fresh water and powder feed throughout the study. Body weight of broilers and feed intake on a replicate basis were recorded at the end (21 d) of the experiment to calculate average daily gain (ADG), average daily feed intake (ADFI), and feed to gain ratio (feed/gain).
Sample Collection
At the end of the experiment, two birds from each replicate were randomly selected for samples collection. Blood samples were collected from wing veins, and serum samples were then collected after centrifugation at 2,000 × g for 15 min at 4
• C and stored at −80 • C until analysis. After decapitation, the whole gastrointestinal tract was rapidly removed. Samples of the contents from the mid-jejunum were collected, snap-frozen in liquid nitrogen, and stored at -80
• C for microflora measurement. Segments of the mid-jejunum (about 2.0 cm) were removed, flushed gently with ice-cold physiological saline solution, and then fixed in 10% formalin for morphology measurement. Adjacent jejunum samples (about 15 cm) were removed, opened longitudinally, and then washed in ice-cold physiological saline solution. Then, mucosa from each sample was collected by scraping using a sterile glass slide, rapidly frozen in liquid nitrogen, and then stored at −80
• C until the further analysis.
To detect enteric permeability, 2 birds from each replicate were randomly selected and weighed at d 21 of the experiment. Then, all the selected birds were given an oral gavage with fluorescein isothiocyanate dextran (FITC-D; MW 3,000-5,000; Sigma Aldrich Co., St. Louis, MO), and blood samples were obtained 2.5 h later and then centrifuged (2,000 × g for 15 min) to separate serum (Vicuna et al., 2015) . The oral dose of FITC-D was 4.16 mg/kg (Vicuna et al., 2015) .
Serum Parameter Measurements
The activity of serum diamine oxidase was measured spectrophotometrically by a commercial kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the instructions of the manufacturer. The concentration of serum D -lactic acid was measured by a commercial ELISA kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the instructions of the manufacturer. Serum FITC-D levels were determined as previously described (Vicuna et al., 2015) . Briefly, serum fluorescence levels were measured at an excitation wavelength of 485 nm and an emission wavelength of 528 nm (Synergy HT, Multi-mode microplate reader, BioTek Instruments, Inc., Winooski, VT). Then, serum FITC-D content was calculated based on a standard curve with known FITC-D concentrations.
Intestinal Morphology Measurements
Formalin-fixed jejunal samples were dehydrated, embedded, and stained with hematoxylin and eosin according to a previous report (Al-Fataftah and Abdelqader, 2014) . Crypt depth and villus height were measured using an image processing and analysis system (Leica Imaging Systems Ltd., Cambridge, UK). Formalin-fixed jejunal samples were dehydrated, embedded, and stained with periodic acid-Schiff regent according to a previous report (Shao et al., 2013) . As described by Liu et al. (2016a) , goblet cells were identified and enumerated per 100 villus epithelial cells for each cross section in the coincident visual field under an Olympus light microscope (Olympus Optical Co., Beijing, China).
Intestinal Microbial Population Measurements
Bacterial DNA was isolated from the digesta of jejunal sample by stool DNA extraction kit (Omega Bio-Tek, Doraville, CA) according to the instructions of the manufacturer. The purity and concentration of DNA in each sample were measured by a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE). The populations of total bacteria, Lactobacillus, Enterococcus, Salmonella, Bifidobacterium, Escherichia coli, Enterobacter, and Clostridium were determined by q-PCR as described by Rezaei et al. (2015) . Primers were obtained from the published work (Rezaei et al., 2015) and are shown in Table 2 . Realtime PCR was conducted with a CFX-96 Real-Time PCR Detection System (BioRad, Hercules, CA) using optical grade plates. The PCR reaction was set up in a 25 μl reaction volume that contained 12.5 μl of SYBR R Premix Ex Taq ll (Tli RNaseH Plus), 1 μl of each primer, 1 μl of DNA sample, and 9.5 μl doubledistilled H 2 O. The PCR cycling parameters were as follows: 94
• C for 5 min; 40 cycles of 94
• C for 20 s; 55, 58, and 50
• C for 30 s for total bacteria, Lactobacillus, and other bacteria, respectively; and 72
• C for 20 seconds. After amplification, melting curve analysis was conducted to confirm the specificity of each amplification. The melting curve conditions were as follows: 1 cycle of 94
• C for 15 s and then 65
• C changed to 94
• C with a temperature change velocity of 0.5
• C/second. Standard curves were prepared with serial dilution of PCR products from pure cultures of the different bacterial groups (Chen et al., 2014) . Copies per sample were calculated using Ct values and standard curves.
Mucin-2 and TJ-and AJ-related Gene mRNA Expression Level Measurements
Total RNA of jejunal mucosa was isolated using Trizol Reagent (TaKaRa, Dalian, China) according to the manufacturer's protocols. RNA integrity was checked by formaldehyde gel electrophoresis. The RNA concentration and purity were determined from OD 260/280 readings (ratio = 1.8-2.0) using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE). Total RNA (1μg) was reversetranscribed into cDNA using PrimeScript TM RT Reagent Kit (TaKaRa, Dalian, China) following the manufacturer's protocol. The primers were obtained from the published works (Shao et al., 2013; Tan et al., 2014; Li et al., 2015; Varasteh et al., 2015) and were synthesized commercially by TaKaRa Biotechnology (TaKaRa, Dalian, China) and are shown in Table  3 . Real-time PCR was conducted with a CFX-96 Real-Time PCR Detection System (BioRad, USA) and SYBR R Premix Ex Taq ll (Tli RNaseH Plus) regents (TaKaRa, Dalian, China). The PCR reaction was set up in a 20 μl reaction volume that contained 10 μl of SYBR R Premix Ex Taq ll (Tli RNaseH Plus), 1 μl of each primer, 2 μl of cDNA sample, and 6 μl double-distilled H 2 O. The PCR cycling parameters were as follows: initial denaturation at 95
• C for 10 s, followed by 40 cycles of 95
• C for 5 s, 60
• C for 30 s, and 72
• C for 15 seconds. The conditions of the melting curve analysis were as follows: one cycle of 95
• C for 10 s, followed by a change in temperature from 65
• C to 95
• C with a velocity of 0.5 • C/s. Each sample was tested in triplicate. The relative mRNA expression levels of target genes were calculated using the 2 −ΔΔCT method (Livak and Schmittgen, 2001) , and the β-actin was used as the reference gene.
Statistical Analysis
The analyses were performed using the SPSS 18.0 for Windows statistical software package (Statistical Product and Service Solutions, Inc., Chicago, IL) with each replicate as the experimental unit for growth performance and each bird as the experimental unit for other indices. Data among groups were analyzed using oneway analysis of variance followed by Duncan's multiplerange test. Results were presented as means and their SEM. Statistical significance was considered as P < 0.05.
RESULTS
Growth Performance
The growth performance of broilers is presented in Table 4 . Heat stress exposure and diet had no effect on feed efficiency (P > 0.05). Broilers in the heat stress Values are expressed as mean and SEM (n = 6). a-c Different letters indicate significant differences within the same row (P < 0.05).
HS: heat stress group; HS + Res: heat stress + resveratrol group; ADG = average daily gain; ADFI = average daily feed intake. Values are expressed as mean and SEM (n = 12). a-c Different letters indicate significant differences within the same row (P < 0.05).
HS: heat stress group; HS + Res: heat stress + resveratrol group.
group exhibited lower final body weight, ADG, and ADFI than those in the control group (P < 0.05). Broilers in the heat + resveratrol group exhibited higher final body weight than those in the heat stress group (P < 0.05).
Intestinal Morphology
The intestinal morphology and goblet cell numbers of broilers are presented in Table 5 and Figure 1A , respectively. Broilers in the heat stress group exhibited shorter villus height, lower villus height to crypt depth ratio and goblet cell numbers, and higher crypt depth than those in the control group (P < 0.05). Broilers in the heat stress + resveratrol group exhibited higher villus height, villus height to crypt depth ratio and goblet cell numbers, and lower Values are expressed as mean and SEM (n = 12). a-c Different letters indicate significant differences within the same row (P < 0.05).
HS: heat stress group; HS + Res: heat stress + resveratrol group; FITC-D: fluorescein isothiocyanate dextran.
crypt depth than those in the heat stress group (P < 0.05).
Intestinal Barrier Function
Effect of resveratrol on D -lactic acid and FITC-D contents, and diamine oxidase activity in the serum of heat-stressed broilers are presented in Table 6 . Broilers in the heat stress group exhibited higher serum Dlactic acid and FITC-D contents, and serum diamine oxidase activity than those in the control group (P < 0.05). Broilers in the heat stress + resveratrol group exhibited lower serum D -lactic acid and FITC-D contents than those in the heat stress group (P < 0.05). Values are expressed as mean and SEM (n = 12). a,b Different letters indicate significant differences within the same row (P < 0.05).
HS: heat stress group; HS + Res: heat stress + resveratrol group; ZO-1: zona occludens-1.
Intestinal Microfloras
The intestinal microfloras of broilers are presented in Table 7 . Broilers in the heat stress group exhibited higher Salmonella, Escherichia coli, and Clostridium colonization, and lower Lactobacillus and Bifidobacterium colonization than those in the control group (P < 0.05). Broilers in the heat stress + resveratrol group exhibited higher Lactobacillus and Bifidobacterium colonization and lower Escherichia coli colonization than those in the heat stress group (P < 0.05).
Mucin-2 and TJ-and AJ-related Gene mRNA Expression
The intestinal mucosal mucin-2 and TJ-and AJrelated gene mRNA expression levels of broilers are presented in Figure 1B and Table 8 , respectively. Broilers in the heat stress group exhibited lower intestinal mucosal claudin-1, occludin, zona occludens-1 (ZO-1), E-cadherin, and mucin-2 mRNA levels than those in the control group (P < 0.05). Broilers in the heat stress + resveratrol group exhibited higher intestinal mucosal claudin-1, occludin, E-cadherin, and mucin-2 mRNA levels than those in the heat stress group (P < 0.05).
DISCUSSION
A lot of researches showed that heat stress negatively affected the production performance of broilers by increasing mortality (Al-Fataftah and Abdelqader, 2014) and decreasing feed intake and feed conversion (Al-Fataftah and Abdelqader, 2014; Yi et al., 2016) . Our present study also found that heat stress induced adverse effects on growth performance. Nutritional manipulation is suggested to resist the heat stress in poultry production. Liu et al. (2014) reported that resveratrol could act as a feed additive in broilers to alleviate heat stress-induced growth performance descent. Similarly, we found that the body weight of heat-stressed birds at slaughter was significantly improved by dietary resveratrol supplementation.
Heat-stressed broilers suffer from multiple pathophysiological alterations (Lara and Rostagno, 2013) . In response to high environmental temperatures, the peripheral blood flow is increased for heat dissipation, in turn resulting in a decreased blood supply in the gut (Varasteh et al., 2015) . Intestinal ischemia can lead to epithelial shedding (Leon and Helwig, 2010) . Villus height and crypt depth reflect intestinal morphology. A number of studies in broilers demonstrated that heat stress negatively affected intestinal morphology, resulting in increased crypt depth and decreased villus height and villus height to crypt depth ratio (Song et al., 2013; Al-Fataftah and Abdelqader, 2014; Liu et al., 2016a; Yi et al., 2016) . Again, the results of this study showed that the morphology of the jejunum was damaged by heat stress. The intestinal epithelia are covered with mucus secreted by goblet cells, which can prevent the intestinal mucosa from pathogen attacks and environmental toxins and play an important role in repairing injury of intestinal mucosa (Liu et al., 2016a) . Therefore, goblet cells are important for intestinal mucosa barrier function. Liu et al. (2016a) reported that heat stress significantly decreased goblet cell numbers in the jejunum and ileum of black-boned chickens. Similarly, the present study indicated that goblet cell numbers and the mRNA level of the mucin-2 gene in the jejunum were decreased by heat stress. Previous studies indicated that nutritional manipulation could relieve the detrimental effects of heat stress on intestinal morphology (Song et al., 2013; Al-Fataftah and Abdelqader, 2014; Abdelqader and Al-Fataftah, 2016) . The present study indicated that resveratrol significantly decreased crypt depth and increased villus height, villus height to crypt depth ratio, goblet cell numbers, and mucin-2 mRNA level in the jejunum of heat-stressed broilers, which is consistent with a previous study on black-boned chickens (Liu et al., 2016a) , indicating that resveratrol can serve as an effective feed additive to reverse heat stress-impaired intestinal morphology of broilers.
Intestinal permeability and mucosal injury can be evaluated using some blood indicators. D -lactic acid is a product of intestinal bacteria and will be released into blood when intestinal mucosa is damaged (Chen et al., 2016) . Diamine oxidase is a kind of cytoplasmic enzyme that is secreted by intestinal epithelia and exists only in the villus cytoplasm of intestinal stratum supravasculare (Nieto et al., 2000; Chen et al., 2016; Liu et al., 2016b) . It is released into the blood when the intestinal mucosa is damaged (Nieto et al., 2000) . Therefore, blood D -lactic acid concentration and diamine oxidase activity are often used as markers of intestinal permeability and mucosal integrity (Chen et al., 2016) . Recently, Vicuna et al. (2015) reported that broilers were given an oral gavage with FITC-D, and then circulating levels of FITC-D could be used for rapid evaluation of gastrointestinal permeability. Previous studies in a Caco2 cell model and mice indicated that heat stress led to increased intestinal permeability . Our current study indicated that D -lactic acid and FITC-D contents and diamine oxidase activity in the serum of broilers were increased by heat stress, which indirectly indicated that the intestinal integrity was impaired by heat stress. Excitingly, we found that dietary resveratrol supplementation effectively inhibited heat stress-induced increases in serum D -lactic acid and FITC-D contents and diamine oxidase activity, indicating that resveratrol can protect against heat stress-impaired intestinal integrity.
The stabilization of intestinal microfloras is critical to intestinal health and function (Song et al., 2013; Song et al., 2014) . Song et al. (2013) found that heat stress reduced viable counts of Lactobacillus, while it increased vilable counts of Escherichia coli and Clostridium in cecal contents of broilers. Al-Fataftah and Abdelqader (2014) found that heat stress reduced viable counts of Lactobacillus and Bifidobacterium, while enhancing viable counts of Clostridium and Coliforms in small intestinal contents of broilers. Similarly, our present study indicated that heat stress decreased the populations of Lactobacillus and Bifidobacterium in jejunal digesta of heat-stressed broilers, while it increased the populations of Salmonella, Escherichia coli, and Clostridium. Therefore, one reason for heat stress-induced impairment of intestinal morphology and permeability may be attributable to the harmful changes in intestinal microfloras. It was reported that polyphenols could cause changes of bacterial populations in the intestinal tract and maintain the balance between the counts of beneficial and pathogenic bacteria (Viveros et al., 2011) . Resveratrol is a naturally occurring polyphenol and possesses many beneficial biological functions (Zhang et al., 2017) . Larrosa et al. (2009) reported that Lactobacillus and Bifidobacterium populations in feces of dextran sulfate sodium-induced colitis rats were increased by resveratrol at 1 mg/kg BW/d, while Escherichia coli populations were decreased. However, no experimental study has been published on the effect of resveratrol on the intestinal microfloras of broilers. Excitingly, our present study provided the first evidence that resveratrol was effective in increasing the populations of Lactobacillus and Bifidobacterium and decreasing the populations of Escherichia coli in jejunal digesta of broilers subjected to heat stress. Therefore, resveratrol can attenuate heat stress-impaired intestinal microflora balance.
AJ and TJ are the pivotal components of the intestinal mucosal barrier and play a crucial role in intestinal homeostasis, paracellular permeability, and barrier function (Ulluwishewa et al., 2011; Quiros and Nusrat, 2014; Yang et al., 2016) . The peripheral membrane protein ZO-1 and the transmembrane protein occludin and claudins are important components of TJ. E-cadherin is the major component of AJ. Therefore, disruptions of ZO-1, occludin, claudins, and E-cadherin expression will be detrimental to intestinal structure and ultimately lead to increased intestinal permeability. Song et al. (2014) reported that occludin and ZO-1 protein expression levels in jejunal mucosa of broilers were decreased by 21 d of heat stress. Consistently, He et al. (2016) found that occludin, ZO-1, and E-cadherin protein expression levels in the small intestines of rats were decreased by 3 d of heat stress. However, Varasteh et al. (2015) reported that the mRNA expression levels of ZO-1, claudin-5, claudin-1, and E-cadherin in the jejunum of broilers were increased by 5 d of heat stress. The discrepancy of findings between Varasteh et al. (2015) and Song et al. (2014) may be attributable to the differences of heat stress treatment time, because He et al. (2016) found that E-cadherin and occludin protein expression levels in IEC-6 cells were significantly increased by 3 h of heat stress, but were significantly decreased by 6 and 12 h of heat stress. The present study showed that heat stress significantly decreased the mRNA expression levels of claudin-1, occludin, ZO-1, and E-cadherin, indicating that AJ and TJ were damaged by heat stress, which are probably responsible for the improvement of intestinal permeability. Previous studies have shown the beneficial effects of polyphenols on intestinal barrier function. Grape seed extract, which contains a mixture of polyphenols, can increase occludin and ZO-1 expression in the gut epithelium of rats (Song et al., 2011; Goodrich et al., 2012) . Recently, Etxeberria et al. (2015) found that resveratrol at 15 mg/kg BW/d increased the relative mRNA expression level of occludin in the colons of high-fat sucrose diet-fed rats. Similarly, this study provided the first evidence that dietary resveratrol supplementation significantly increased the mRNA expression levels of claudin-1, occluding, and E-cadherin in the jejunum of heat-stressed broilers, which may partly explain why resveratrol can attenuate heat-stress-impaired intestinal permeability and integrity, as shown in the present study.
In conclusion, our present study demonstrated for the first time that dietary supplementation of resveratrol at the level of 400 mg/kg was protective against heat stress-induced increased intestinal permeability and decreased intestinal integrity in broilers, and the mechanisms of action might be partly attributed to the reestablishment of small intestinal microbial profiles and the increased expression of intestinal TJ-and AJrelated genes induced by resveratrol. However, further investigations will be required to elucidate the exact mechanism of action.
